Purpose: The aim was to determine normal values of accommodative amplitude (AA) during adolescence in Iran. Methods: In this cross-sectional study, sampling was done from high school students in Kermanshah in 2015 through a multi-stage cluster sampling method and selected students were invited to participate in the study. Examinations were performed on-site at each sampled high school. All students had visual acuity and refractive examination followed by measurement of AA. Accommodative amplitude was tested with Donder's push-up method using a Royal Air Force (RAF) near point rule.
Accommodative insufficiency (AI) is a condition in which the amplitude of accommodation (AA) is less than expected for the patient's age and is one of the most common dysfunctions of the visual system. 1 Given the importance of accommodation, particularly for near work, AI can lead to multiple visionrelated symptoms, such as blurred vision, diplopia, headaches, eye burning and tearing, tired eye and loss of comprehension, especially during near visual activities and these symptoms are known generally as asthenopia. 2 Accommodative insufficiency has been reported as one of the most common causes of asthenopia in schoolchildren. 3 The inability to maintain attention during near work as a result of asthenopia or refraining from such activities to avoid asthenopia can be a serious obstacle to children's learning processes. [4] [5] [6] The relationships between AI with learning difficulties and lower academic performance in schoolchildren have been reported and therefore, the diagnosis and treatment of AI in this age group is of great importance. 7 The diagnosis of AI requires the accurate measurement of AA and comparison of results with normal ranges in the general population taking account of the age factor. 8 Hofstetter 9 has suggested formulae for estimating age-based amounts of the average, minimum and maximum AA. According to Hofstetter, 9 the predicted average and lower limits of AA for a given age can be calculated using 18.50 À (0.30 × age) and 15 À (0.25 × age), respectively. Morgan 10 believes AI should be considered when the AA is more than 2.00 dioptres below the age-based average calculated using Hofstetter's formula.
For a more conservative criterion, Daum 11 suggested using 2.00 D or more below the lower limit for the diagnosis of AI. These two criteria are commonly used for the diagnosis of AI; nonetheless, generalising these guidelines to other racial populations and their application in the diagnosis of AI in children under 18 years of age has been a matter of debate in previous studies. Hofstetter's formulae have been derived from Duane's original work 12 conducted on a Caucasian population, while other researchers have pointed to racial differences in AA. [13] [14] [15] [16] [17] Duane's database has a small under-18-yearold sample, which confounds the reliability of Hofstetter's formulae for diagnosis of AI in this age group. 18, 19 On the other hand, Hofstetter's formulae consider AA changes to be linear and estimates of AA are based on the assumption of linear changes throughout life. 20 A study by Wold 18 suggests changes in AA are sigmoidal rather than linear in 6-to 10-year-old children. Sterner, Gellerstedt and Sjöström 21 and Ovenseri-Ogbomo and colleagues 15 also find it inappropriate to use Duane's norms for estimating AA and diagnosing AI in children and they suggest assessing normal values for AA in children rather than relying on linear formulae.
In light of the above discussion, an accurate interpretation of AA in children requires the study of normal values in different races using sufficiently large samples. No study has been done of AA in Iranian schoolchildren. The aim of this study was to assess normal AA in 11-to 17-year-old schoolchildren, to compare results with normal values reported in other ethnic populations and those generated from Hofstetter's formula and to examine the relationship between AA and age to acquire a more accurate understanding of changes in AA in this age range.
MATERIALS AND METHODS
This cross-sectional study was conducted in 2015 in Kermanshah, a city in the west of Iran and in this study the target population was high school students from this city. Samples were selected using multi-stage cluster sampling. Boys' and girls' high schools were randomly selected and from each high school, a number of students was randomly selected from all grades. Then, the students were given consent forms, which contained a complete description of the study and the examinations. After having the consent forms signed by the parents, the student was eligible for participation. Examinations were conducted at each school site on a predetermined date. After selecting a suitable location for the examinations, all tests were done by a qualified optometrist and an interviewer conducted the interviews with the students.
First, refractive errors were measured using the Topcon autorefractometer (Topcon RM8800, Topcon Corporation, Tokyo, Japan) and the Heine retinoscope (Heine Beta 200 retinoscope, Heine Optotechnik, Herrsching, Germany). For better control of accommodation, +1.50 D fogging lenses were placed in front of both eyes and retinoscopy was conducted through these lenses. The best distance optical correction was determined using subjective refraction without cycloplegia and distance visual acuity (VA) was recorded.
In the next step, AA was measured with Donders' push-up method using a Royal Air Force (RAF) near point rule. Royal Air Force rule consists of a rod with various scales and a movable target, which is routinely used for measuring near points of accommodation and convergence in a clinical setting. 22 With the child wearing the best distance correction, the target containing a line of English alphabetical letters equivalent to 6/7.5 VA was slowly brought closer to the child along the midline and he/she was asked to keep a clear view of the print and to report when the print became blurred and he/she was no longer able to clear it (the first sustained blur). At this point, the near point of accommodation (NPA) was measured through the scale in centimetres.
If the target was still clear at the maximum of 20.00 D on the RAF ruler, minus lenses with À0.25 D steps were gradually added until the endpoint was achieved. The power of the minus lens at endpoint was added to 20.00 D to obtain the AA.
To improve test reliability, the NPA was measured three times for each eye, the average of the three was recorded for each eye and this average was converted to dioptres. For comparison purposes, the average and minimum AA for each individual were calculated using Hofstetter's formulae (mean: 18.50 À 0.30 × age, minimum: 15 À 0.25 × age). Study exclusion criteria included a VA less than 6/7.5 in either eye, strabismus or history of strabismus surgery, ocular or systemic disease affecting accommodation and use of local or systemic medication known to affect accommodation.
Statistical analysis
Mean AA and standard deviations were determined in different age groups. Paired t-tests were used to determine differences with averages calculated from Hofstetter's formula and linear regression was used to examine the relationship with age and gender. Unpaired t-tests were used for comparisons between males and females.
Ethical issues
The Ethics Committee of Mashhad University of Medical Sciences approved the study protocol, which was conducted in accord with the tenets of the Helsinki Declaration. All parents of participants signed a written informed consent form.
RESULTS
In this study, 1,070 students were selected and 1,043 of them volunteered to participate in the study; 142 were excluded based on the exclusion criteria and eventually 901 were enrolled in the study. Mean age of the cases was 14.4 ± 1.7 years (range: 11 to 17 years) and 41.06 per cent were male. The mean ages of boys and girls were 14.80 ± 1.40 years and 14.31 ± 1.60 years, respectively (p = 0.115).
The AA in fellow eyes were highly correlated statistically (Pearson correlation = 0.887, p < 0.001) and therefore, only data from the right eye are presented. Mean AA in study participants was 11.53 ± 3.02 D (range: 5.00 to 28.50 D). Table 1 shows the distribution of the measured AA in study participants by age along with the calculated average AA based on Hofstetter's formula. Mean AA were 10.09 ± 2.48 D and 11.65 ± 3.03 D in boys and girls, respectively. The t-test showed a significant inter-gender difference in AA (p < 0.001). Figure 1 shows the measured AA in different age groups along with predicted mean amplitudes based on Hofstetter's formula. As demonstrated in all age groups, except Table 2 summarises other studies of AA in children.
DISCUSSION
This study investigates AA in 11-to 17-year-old Iranian adolescents with a considerable sample size. The average AA in this study was 11.53 ± 3.02 D. As Table 2 shows, AA reported in under-18-year-olds significantly vary among different ethnic groups. We believe that these differences can be explained from four points of view. First, the age ranges in different studies are different. Given that the participants in our study were older compared to other studies, the low level of AA in the present study can be explained in this respect but according to the information in Table 2 , one could assume that existing differences are not only due to the age factor. For example, the studied age range is much wider in the Austrian study compared to the Swedish study and it includes older individuals; nonetheless, mean AA was higher in Austrian children. The same is true in comparing AA in Ghanaian children with Swedish and Austrian children.
We believe the measurement method is another potential source of variation in AA in different studies. In the present study and all studies listed in Table 2 except the Korean study, the push-up method was used to measure AA. The push-up method is the conventional clinical method for measuring AA, which is a subjective technique and relies on patient co-operation. 23 Accurate estimates of AA with this technique require the patient to understand the definition of first sustained blur and the examiner to accurately measure the distance at the point of blur. 23 One centimetre error in measurement (as caused by the patient or the examiner) can lead to as much as 4.00 D error in the measured amplitude. 24 As our study had relatively older participants, it seems that our results could be more reliable in this regard.
A third factor in the context of inter-study difference is possible variations in AA as an effect of factors such as race, environment, climate, education and nutrition. For example, the summary of studies in Table 2 suggests that geographical location may be another factor in levels of AA. If this is the case, climate and other environmental factors may play a role. Further studies are needed to explore the role of nutrition and education in this regard.
Although the possibility of racial and environmental differences has been mentioned by other studies, [13] [14] [15] the hypothesis is based simply on comparison of AA observed in different studies. Factors such as different age ranges, subjectivity of the measurement method, as well as various climates, nutritional patterns and educational systems make it difficult to have a definitive conclusion about the effect of each factor on AA based on simple comparison. It should be noted that the study of Edwards and colleagues 14 discusses environmental factors influencing AA but only in the long term, with effects on presbyopia, not in children, so this does not support the idea of environment influencing AA in the present study.
We believe the relationship between AA and race can be confirmed or rejected only through objective measurement of AA in different ethnic populations of the same age and ideally, these different ethnic populations should have the same environment, nutrition and education systems.
Refractive errors are another potential factor that can cause variations in AA in different studies. It should be noted that the literature contains conflicting reports on the relationship between AA and refractive errors. In a study by Iyamu, Iyamu and Oghovwerha, 25 no relationship was found between AA and refractive errors. Abraham and colleagues 26 found no significant difference in AA between under-40-year-old hyperopes and emmetropes but the AA were 27 reported lower AA in young adults with myopia compared to those with hyperopia and emmetropia. In light of the results of previous studies and the possible relationship between AA and myopia and since the prevalence of myopia in the present study was quite similar to prevalence rates reported in other studies of Iranian schoolchildren, 28, 29 the normal values determined in this study can be generalised to the 11-to 17-year-old population of Iran.
In this study, the average AA in girls was significantly higher than boys. As there was no significant age difference between girls and boys and the association maintained its significance after adjusting for age, the higher AA in girls cannot be attributed to age. Other studies have reported various results in terms of the relationship between AA and gender; studies with lower AA in women attribute this effect mostly to hormonal differences, especially after menopause. [30] [31] [32] [33] It should be noted that almost all these studies have been conducted in adults. In our review of the literature, we found only one study addressing gender-related differences of AA in children. In the study by Ogbomo and colleagues, 15 the AA was higher in boys than girls and this was attributed to age and the larger sample of boys in the younger age groups. The gender difference in AA in the present study may be multi-factorial and due to inter-gender differences in a range of factors, such as education and nutrition.
The results of this study showed that mean AA was significantly different from Hofstetter's mean estimates in all age groups except 11-year-olds and measured values were less than the average calculated values using the formula. As mentioned earlier, Hofstetter's formula assumes that the AA changes linearly in all ages, 20 while based on the results of this study, the changes in AA in 11-to 17-year-olds are not linear. As Figure 1 shows, the AA significantly decreases between the ages of 11 and 15 years, remains relatively constant from 15 to 17 years of age and most changes occur between the ages of 13 and 14 years. According to Duane, 12 the AA decreases by 0.3 D per year increase in age, while the trend of changes in AA in our study was about 0.8 D per year, which indicates more changes in accommodation during childhood and adolescence. Interestingly, the difference between measured and calculated AA values was greater in age groups with more variation in amplitude. Accordingly, results of this study are in agreement with Wold's findings 18, 20 indicating changes in AA are sigmoidal and Hofstetter's formula is inaccurate for estimating AA in under-18-year-olds. Accordingly, using Hofstetter's formula for interpreting AA normality in 11-to 17-yearold Iranian adolescents can lead to overestimating the prevalence of AI in this population.
A limitation of this study is that the push-up method tends to overestimate the AA on account of the relative distance magnification effect. 34 As a result, the measured values reported in this study are likely not to be the actual AA in the studied age group; AA needs to be measured objectively to arrive at actual values. Nonetheless, as the push-up method is commonly used in clinical practice for the measurement of AA and interpretation of accommodative function, the reported values can be a good resource for the clinical interpretation of accommodative function and the diagnosis of AI.
CONCLUSION
In this study, we studied normal ranges of AA in 11-to 17-year-old adolescents in Iran and their age-related changes. Results of our study point to significant differences in AA between Iranian children and the children of other races as well as significant differences between measured AA and calculated mean AA using Hofstetter's formula, which is in agreement with previous studies. [13] [14] [15] [16] [17] 21 Considering such significant differences, we do not recommend using normal values reported for other racial populations or using formula-based calculated values for interpreting the AA in 11-to 17-year-old Iranian adolescents. Provided that clinical measurements are accurate, the measured values presented in this study can be useful for a better interpretation of accommodative function in 11-to 17-year-old Iranian adolescents, as well as the diagnosis and treatment of AI in this population.
